Background: The outcome after weaning from postcardiotomy venoarterial extracorporeal membrane oxygenation (VA-ECMO) is poor. In this study, we investigated the prognostic impact of arterial lactate levels at the time of weaning from postcardiotomy VA. Methods: This analysis included 338 patients from the multicenter PC-ECMO registry with available data on arterial lactate levels at weaning from VA-ECMO. Results: Arterial lactate levels at weaning from VA-ECMO (adjusted OR 1.426, 95%CI 1.157-1.758) was an independent predictor of hospital mortality, and its best cutoff values was 1.6 mmol/L (<1.6 mmol/L, 26.2% vs. ≥ 1.6 mmol/L, 45.0%; adjusted OR 2.489, 95%CI 1.374-4.505). When 261 patients with arterial lactate at VA-ECMO weaning ≤2.0 mmol/L were analyzed, a cutoff of arterial lactate of 1.4 mmol/L for prediction of hospital mortality was identified (<1.4 mmol/L, 24.2% vs. ≥1.4 mmol/L, 38.5%, p = 0.014). Among 87 propensity score-matched pairs, hospital mortality was significantly higher in patients with arterial lactate ≥1.4 mmol/L (39.1% vs. 23.0%, p = 0.029) compared to those with lower arterial lactate. Conclusions: Increased arterial lactate levels at the time of weaning from postcardiotomy VA-ECMO increases significantly the risk of hospital mortality. Arterial lactate may be useful in guiding optimal timing of VA-ECMO weaning.
Introduction
Venoarterial extracorporeal membrane oxygenation (VA-ECMO) is an effective salvage therapy for postcardiotomy cardiogenic shock refractory to inotropes and intra-aortic balloon pump support [1] . Recent pooled results demonstrated that one third of patients survived to discharge using postcardiotomy VA-ECMO, although 23% of patients died early after weaning from postcardiotomy VA-ECMO [2] . The causes underlying such a high postweaning mortality have not been thoroughly investigated. The identification of risk factors underlying failure to recover after weaning from postcardiotomy VA-ECMO are of clinical importance to establish a protocol for discontinuation of this therapy in patients with unrecoverable end-organ failure as well as to develop strategies to improve the early outcome of postcardiotomy VA-ECMO. Increased levels of arterial lactate before and during ECMO have been shown to predict the outcome of these patients [2] [3] [4] [5] [6] [7] . In this study, we investigated whether arterial lactate levels at the time of weaning from VA-ECMO is a prognostic factor for weaned patients and could be useful in the decision-making process of the timing of VA-ECMO discontinuation.
Methods

Study Population
The PC-ECMO registry is a multicenter retrospective study that gathered data on consecutive patients who underwent VA-ECMO after adult cardiac surgery at 19 cardiac surgery centers in Belgium, Czech Republic, Finland, France, Italy, Germany, Saudi Arabia, Sweden, and the United Kingdom, from January 2010 to March 2018. The study is registered in Clinicaltrials.gov (Identifier: NCT03508505) and the main results of this series are reported elsewhere [7] . The institutional review board or the regional ethics review board of each participating center approved this study. Data was collected retrospectively into a dedicated access datasheet with pre-specified variables and underwent checking of its quality.
Consecutive patients aged over 18 years who required mechanical circulatory support with VA-ECMO for cardiopulmonary failure occurring during the index hospitalization after cardiac surgery, i.e., surgery on the coronary arteries, heart valves, ascending aorta/aortic arch and/or ventricular wall and septum, grown-up congenital heart diseases, and chronic thromboembolic pulmonary hypertension, were included in this registry. Cardiopulmonary failure in these patients was considered not responsive to inotropes and/or intra-aortic balloon pump. Patients who received any ECMO therapy before cardiac surgery or VA-ECMO after heart transplantation or implantation of a ventricular assist device were excluded from this registry. Furthermore, patients who underwent heart transplantation or implantation of a ventricular assist device while on VA-ECMO were excluded from the present analysis. For the purpose of this study, we included only patients who were considered safely weaned from VA-ECMO per treatment protocol and with available data on arterial lactate levels immediately before weaning from VA-ECMO.
Outcomes
The outcome measures of the present study were hospital mortality after weaning from VA-ECMO, i.e., all-cause death during the index hospitalization, and 30-day mortality. Specific causes of death were not considered as outcome measures because most often multiple conditions led to early death after weaning from VA-ECMO.
Statistical Methodology
Statistical analyses were performed using SPSS v. 25.0 (IBM Corporation, Armonk, NY, USA) and Stata v. 15.1 (StataCorp LLC, College Station, TX, USA) statistical software. Continuous variables are reported as mean and standard deviation, and categorical variables as counts and percentages. Risk estimates are reported as odds ratio (OR) and hazard ratio (HR) with their 95% confidence interval (CI). Arterial lactate clearance was estimated as the difference of the pre-VAECMO arterial lactate level and the VA-ECMO weaning arterial lactate level. The arterial lactate clearance/duration of the VA-ECMO ratio was also considered as a covariate of interest. The Mann-Whitney U, chi-square, the Fisher's exact, linear-by-linear association tests, and receiver operating characteristics curve (ROC) analysis with estimation of the area under the curve (AUC) were used for univariate analysis. The Youden's test was used to identify the best cutoff value of arterial lactate at weaning from VA-ECMO in predicting hospital death. The DeLong's test was used for comparative analyses of ROC curves. Multilevel mixed-effects logistic regression was employed to identify independent predictors of hospital mortality avoiding bias related to any interinstitutional difference. In fact, multilevel models provide a valuable way to identify independent predictors of poor outcome taking into account interinstitutional differences in terms of the referral pathway, treatment strategy, and institutional performance. Regression models included multiple risk factors preceding the initiation of VA-ECMO, with p < 0.1 for hospital mortality in the univariate analysis (Table 1 ). Furthermore, the impact of arterial lactate at weaning from VA-ECMO on hospital mortality was adjusted for the PC-ECMO score [7] . Once pre-VA-ECMO arterial lactate was dichotomized, 1-to-1 propensity score matching analysis was performed to reduce the effect of confounding covariates using the psmatch2 Stata module with a caliper width of 0.2 of the standard deviation of the logit, i.e., 0.1. A propensity score was estimated with non-parsimonious logistic regression, including all covariates listed in Table 2 , except the type of surgery and arterial lactate and pH levels at the time of VA-ECMO weaning. Standardized differences lower than 0.10 were considered as an adequate balance between the matched cohorts. The McNemar test was used to assess the difference in all-cause hospital mortality in the propensity score-matched pairs. Mortality at 30 days after weaning from VA-ECMO was evaluated also by the Kaplan-Meier method with the log-rank test and the Cox proportional hazards method. A p < 0.05 was set for statistical significance. 
Results
Characteristics of the Study Cohort
The PC-ECMO registry included 781 consecutive patients and hospital mortality was 64.3%. Mortality on VA-ECMO occurred in 362 patients (46.4%). Among 419 patients who were believed to be safely weaned from VA-ECMO, 140 patients (33.4%) died during the index hospital stay. Data on the arterial lactate level before and at weaning from VA-ECMO was available in 355 patients. Seventeen patients underwent heart transplantation or implantation of a ventricular assist device from VA-ECMO and were excluded from the present analysis. Overall, 338 patients were the subjects of this study and their baseline characteristics, operative data, and VA-ECMO-related data are summarized in Table 1 . In these patients, the mean VA-ECMO therapy duration was 8.1 ± 6.3 days (median 6.0 days, interquartile range 7.0 days, range 0.5-39.0 days, 5 lowest outliers 0.5-0.8 days; 5 highest outliers 31.0-39.0 days).
Predictive Performance of Arterial Lactate at VA-ECMO Weaning
The AUC of pre-VA-ECMO arterial lactate was 0.541 (95%CI 0.476-0.606) and that of arterial lactate at weaning from VA-ECMO was 0.629 (95%CI 0.567-0.691) (DeLong test, p = 0.032). Arterial lactate clearance (AUC 0.521, 95%CI 0.454-0.588) and arterial lactate clearance/duration of VA-ECMO ratio (AUC 0.549, 95%CI 0.483-0.615) were not associated with increased hospital mortality.
Mixed-effects logistic regression showed that arterial lactate at weaning from VA-ECMO (p = 0.001, adjusted OR 1.426, 95%CI 1.157-1.758; Likelihood-ratio test for model vs. logistic regression, p < 0.0001) was an independent predictor of hospital mortality when adjusted for risk factors with p < 0.1 in the univariate analysis (Table 1) . Similarly, arterial lactate at weaning from VA-ECMO was predictive of hospital mortality (adjusted OR 1.341, 95%CI 1.100-1.635) when adjusted for the PC-ECMO score.
The crude rates of hospital mortality along increasing arterial lactate levels at weaning from VA-ECMO are summarized in Figure 1 (linear-by-linear association test, p < 0.0001). The Youden's test identified a cutoff of arterial lactate of 1.6 mmol/L for the prediction of hospital mortality (arterial lactate <1.6 mmol/L 26.2% vs. arterial lactate ≥1.6 mmol/L 45.0%, p < 0.0001, sensitivity 57%, specificity 65%). When adjusted for participating centers and risk factors with p < 0.1 in the univariate analysis, arterial lactate at weaning from VA-ECMO ≥1.6 mmol/L was still predictive of hospital mortality (adjusted OR 2.489, 95%CI 1.374-4.505). Similarly, arterial lactate at weaning from VA-ECMO ≥1.6 mmol/L was predictive of hospital mortality (adjusted OR 2.094, 95%CI 1.201-3.651) when adjusted for the PC-ECMO score. Thirty-day mortality after weaning from VA-ECMO was 21.0% in patients with arterial lactate <1.6 mmol/L and 41.1% in those with arterial lactate ≥1.6 mmol/L (log-rank test, p < 0.0001; adjusted HR 2.245, 95%CI 1.416-3.560). 
Predictive Performance of Mild Hyperlactatemia at VA-ECMO Weaning
The overall study population included a number of patients with arterial lactate at VA-ECMO weaning >2.0 mmol/L. In order to avoid bias of excessively high arterial lactate levels, we assessed the prognostic performance of arterial lactate levels in the subgroup with mild hyperlactatemia as defined by arterial lactate at VA-ECMO weaning ≤2.0 mmol/L (261 patients). The hospital mortality of this subgroup of patients was 30.2%.
The AUC of pre-VA-ECMO arterial lactate was 0.529 (95%CI 0.452-0.606) and that of arterial lactate at weaning from VA-ECMO was 0.578 (95%CI 0.504-0.652) (DeLong test, p = 0.325). The Youden's test identified a cutoff of arterial lactate of 1.4 mmol/L for the prediction of hospital mortality (arterial lactate <1.4 mmol/L, 24.2% vs. arterial lactate ≥1.4 mmol/L, 38.5%, p = 0.014, sensitivity 51%, specificity 65%). Propensity score matching resulted in 87 pairs with balanced baseline characteristics and duration of VA-ECMO (Table 2 ). Hospital mortality was significantly higher in patients with arterial lactate ≥1.4 mmol/L (34 patients, 39.1% vs. 20 patients, 23.0%, McNemar's test, p = 0.029) compared to those with arterial lactate <1.4 mmol/L. These findings were confirmed also when arterial lactate ≥1.4 mmol/L was adjusted for postoperative renal replacement (OR 1.846, 95%CI 1.068-3.193). Among propensity score-matched pairs, 30-day mortality after weaning from VA-ECMO was 17.4% in patients with arterial lactate at VA-ECMO weaning <1.4 mmol/L and 33.8% in those with arterial lactate ≥1.4 mmol/L (Log-rank test, p = 0.016; HR 2.100, 95%CI 1.126-3.919) ( Figure 2 ). 
Discussion
This study demonstrated that there is a substantial hospital mortality after weaning from postcardiotomy VA-ECMO and most of these patients die during the first five days after discontinuation of VA-ECMO therapy (Figure 2 ). In the absence of a standardized VA-ECMO weaning protocol [8] , the present results suggest that treatment strategies at the time of discontinuation of this salvage therapy should be improved. In particular, there is a need for objective parameters indicating when and how to intervene to improve the cardiopulmonary and metabolic status of these critically ill patients and thereby to optimize the timing of weaning from VA-ECMO. In this setting, arterial lactate is an independent predictor of early mortality and may potentially guide the decision-making process before discontinuation of mechanical circulatory support. Importantly, analysis of the subset of patients with arterial lactate ≤2.0 mmol/L at the time of discontinuation of VA-ECMO showed that even a mild increase of lactate, i.e., ≥1.4 mmol/L, is associated with a two-fold risk of early mortality. Such a risk was observed in propensity scorematched pairs with similar duration of VA-ECMO (Table 2 ). We speculate that patients with mild hyperlactatemia after VA-ECMO therapy, in the absence of irreversible end-organ injury, may need prolonged mechanical circulatory support and treatment of underlying causes of hyperlactatemia. In the absence of suboptimal oxygen delivery and severe renal failure, pulmonary complications are frequent causes of increased blood lactate levels [9] and VA-ECMO should not be discontinued until resolution of pulmonary failure. The same may apply to other severe conditions underlying hyperlactatemia. Since a mild increase in arterial lactate has been shown to increase the risk of death in critically ill patients [10] , achieving a normal level of lactate before discontinuation of cardiopulmonary support therapies is a reasonable goal as shown in other subsets of critically ill patients [11] .
Arterial lactate before starting VA-ECMO is widely recognized as a predictor of poor outcome [2] [3] [4] [5] [6] [7] , still, to the best of our knowledge, no data exists on the prognostic value of arterial lactate at the time of weaning from VA-ECMO. Similarly, the clearance of arterial lactate, even when adjusted for the duration of this salvage therapy, was also not associated with an increased risk of early 
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The reason for this resides in the complexity of lactate metabolism and the heterogeneity of causes underlying its increased production and/or decreased removal [12, 13] .
Limitations
The retrospective nature is a limitation of the present study. Secondly, arterial lactate levels were measured using different laboratory methods and this may introduce a significant bias, which we attempted to mitigate using multilevel mixed-effects regression analysis. Thirdly, arterial lactate levels might have been affected by patients' conditions and treatment methods, such as renal replacement therapy, use of certain drugs, poor nutritional status, and therapies for acid-base abnormalities [12, 13] . In such cases, the level of arterial lactate does not reflect the metabolic state of the patient at weaning from VA-ECMO.
Conclusions
This multicenter study showed that increases in arterial lactate at the time of weaning from postcardiotomy VA-ECMO are associated with an increased risk of hospital mortality. Further studies are needed to confirm these findings and to evaluate whether arterial lactate may be a useful biomarker to guide the optimal timing of VA-ECMO weaning.
